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ABSTRACT
Evaluation of the fate and transport of carbon dioxide (CO2) in deep reservoirs is crucial to the development of long-term geologic carbon sequestration (GCS) technologies. In this report, various studies using computed tomography (CT) scanning are utilized in conjunction with traditional flow tests to observe the multi-scale phenomena associated with CO2 injection in geologic media. Pore scale analyses were performed to determine the infiltration characteristics of CO2 into a brine saturated reservoir rock. Multiphase floods were performed to evaluate the saturation of CO2 into a brine-saturated reservoir rock and determine how structural changes within the lithology affect such interactions. Additionally, CO2 induced swelling of unconventional reservoir rock was evaluated with respect to reductions in fracture transmissivity due to matrix swelling. These studies are just a few examples of the benefits of multi-scale CT imaging in conjunction with traditional laboratory methodology to gain a better understanding of the interactions between CO2 and the lithologies it interacts with during GCS.
INTRODUCTION
With the recent increase in accessibility and sophistication of computed tomography (CT) technology has come a wealth of new experimental applications to examine phenomena associated with geologic carbon storage (GCS). As a non-destructive imaging and analysis technique, CT offers not only the possibility of 3D sample characterization while preserving the sample for further testing, but also the ability to observe both chemical or mechanical changes under the influence of various environmental factors such as elevated temperature and pressure (Bertels et al., 2001; Cnudde and Boone, 2013) . As with other imaging techniques, CT data is a rich source of qualitative data. Combined with dedicated analysis software, however, it can yield valuable quantitative data on parameters such as surface roughness, grain morphology, pore volume, pore size distribution, and fracture apertures. CT also permits direct imaging of multiphase fluid flow within pore and fracture networks. This quantitative information can then be utilized to inform models and computational fluid dynamics (CFD) simulation efforts (Crandall and Bromhal, 2014; Deng et al., 2013a) . CT imaging is also particularly powerful when used in conjunction with other sources of data, such as scanning electron microscopy (SEM) or X-ray diffraction (XRD) (Ellis et al., 2011a; Deng et al., 2013b) .
Of particular interest to GCS applications is the ability to use CT data to extract 3D information from core-scale flow experiments. While CT has some inherent trade-offs in terms of resolution versus time, with higher resolution scans requiring longer scan times, lower resolution medical CT scanners allow for obtaining near real-time data at the core scale. When pore-scale resolution is required, samples can be imaged before and after flow.
The presence and evolution of fractures is critical to GCS applications, where it influences injectability, fractured reservoir storage potential, fluid production, and well and seal integrity. Assessing caprock integrity is a crucial element of any GCS effort, as it is a primary control on long-term leakage and storage potential. Furthermore, because of the increased reactive potential of CO2-acidified brines, existing fracture networks cannot be viewed as static, and changes in response to reactive flow need to be taken into account (Noiriel et al., 2013) . CT scanning has been instrumental in studies that focus on both characterization of fracture networks (Bertels et al., 2001) , and their mechanical and chemical alteration in response to fluid flow.
The behavior of fractures in response to reactive fluids at reservoir conditions can be complex, and highly dependent on rock mineralogy and structure. Past experiments have documented both net increases (Deng et al., 2013a; Ellis et al., 2011a Ellis et al., , 2011b Noiriel et al., 2013) and decreases (Deng et al., 2013b; Ellis et al., 2013) in fracture aperture and transmissivity. These studies utilized CT imaging in conjunction with core flow experiments and supplementary analysis techniques to characterize and quantify morphological changes in fractures. Deng et al. (2013a) and Ellis et al. (2011a Ellis et al. ( , 2011b ) monitored reactive brine flow through carbonate-rich fractured caprock cores, and demonstrated the non-uniform dissolution of minerals. Fracture apertures were found to increase, accompanied by a substantial increase in fracture roughness. CFD modeling by Deng et al. (2013a) suggested the high roughness had a controlling effect on the hydrodynamic properties of the fracture, and served to partially offset the net increase in aperture. Building on this body of work, Ellis and Peters (2015) developed a method for identifying and isolating the highly reactive calcite phase in 3D CT scan data. Subsequent simulation work performed on fractures where the calcite phase was hypothetically eroded demonstrated the importance of the mineral distribution for permeability changes.
The National Energy Technology Laboratory (NETL)'s work (currently unpublished) on leakage through well cement fractures showed increases in average hydraulic aperture and the evolution of preferential flow paths in fractured cements during contact with reactive brines (Figure 1 ). Cement degradation in the presence of CO2 saturated brines may impact the long-term storage viability of CO2 in regions with existing well development. Research is ongoing in this area. Further information on this process can be found in Kutchko et al. (2007) and Huerta et al. (2011) . A core flow experiment (Deng et al., 2013b) aimed at characterization of the sealing capabilities of the Eau Claire Formation found a small decrease in fracture aperture after 3 weeks of CO2-acidified brine flow. Analysis of the core before and after flow via CT, XRF and SEM imaging suggested aperture closure could be attributed to the dissolution of fracture-propping asperities. A similar process was documented by Ellis et al. (2013) in a CO2 saturated brine flow test through a fractured carbonate caprock core from the Michigan Basin. Fracture permeability decreases were attributed to both the dissolution of asperities and subsequent fracture closure, and to the mobilization of less reactive mineral grains freed by calcite dissolution, leading to fracture clogging.
EXPERIMENTAL FACILITIES
The CT scanning lab at NETL possesses three scanners which span a range of possible resolutions and scan times ( Figure 2 ). In order of increasing resolution these scanners are: (1) a medical CT scanner; (2) an industrial CT scanner, and (3) a micro CT scanner. The Toshiba Aquilion TSX-101A/R medical CT scanner offers very fast scan times (minutes) at a submillimeter core-scale resolution (350 µm by 350 µm by 500 µm). The medical scanner can accommodate large samples (10 cm in diameter, up to 22 cm in length) with the size restricted primarily by the availability of core holders of adequate size. Dry samples at atmospheric conditions can be larger still. The short scan times of the medical CT scanner enables observation of near real-time changes during flow experiments at the core-scale. Variations in attenuation coefficients and resulting grayscale allow both the characterization of lithological heterogeneities as well as the quantification of different gas and liquid phases, such as CO2 saturation changes (Perrin et al., 2011; Wei et al., 2014) The NorthStar Imaging M-5000 industrial CT scanner can achieve micron-scale resolutions ranging from pore to core-scale (3-70 µm), but requires longer (1-3 hours) scan times. Larger samples (5 cm in diameter and length) can be accommodated, but with correspondingly lower resolution. Longer samples can fit into the scanner, but require multiple scans to image the entire sample.
The Xradia Micro XCT-400 scanner offers sub-micron scale resolution, but at the cost of long scan times (up to 24 hours); it can scan samples up to 0.5 cm in diameter and 3 cm in length in a core holder, or larger dry samples up to 2 cm in diameter. Imaging in the micron to nanometer range has recently become a routine core characterization and digital rock analysis tool (Blunt et al., 2013) , and enables detailed analysis of both matrix materials as well as fluid/gas-filled pore space. Information gained at this detailed scale, such as the work by Andrew et al. (2014) on the capillary trapping of CO2, can often be applied at the reservoir scale for assessing GCS sites. Extracted pore geometries can also be utilized in modelling efforts (Blunt et al., 2013) and for validation of theoretical microscale physical relationships such as those described for capillary pressure, saturation, and interfacial area by Porter et al. (2010) . Continued improvements to network flow and filtration models also require increasingly accurate and detailed representations of pore geometries, such as those produced by microtomographic scanners (Mirabolghasemi et al., 2015; Prodanović et al., 2007) . In the NETL CT scanner laboratory, Hassler style core holders permit the simulation of reservoir pressure and geochemical conditions on all the scanners, as well as active fluid flow. The micro CT scanner utilizes a beryllium core holder specifically designed for maximizing image quality at high resolutions. Ancillary systems with the scanners are installed as needed to raise temperatures within the core holder to reservoir conditions and effluent collection capabilities to add another avenue for monitoring geochemical changes.
CT SCANNING BENEFITS AND LIMITATIONS
Core flow experiments offer the flexibility of adjusting temperature, pressure, and geochemical conditions to be more representative of in-situ conditions typical of CO2 target storage reservoirs and their seal formations. However, the technique does have certain limitations.
The first limitation is sample size. Real world reservoirs and seals often exhibit significant heterogeneity, such as the Mt. Simon Sandstone, and overlying Eau Claire Formation, where permeability and porosity can vary greatly with depth, diagenesis, and lithologic facies (Deng et al., 2013b; Medina et al., 2011) . As such, care must be taken in how core-scale samples are chosen, prepared and whether they are representative of the formation as a whole. Since GCS target formations can be up to several hundred meters thick, finding representative temperature and pressure conditions also presents a challenge. The size of a representative elementary volume (REV) may depend not only on the sample heterogeneity, but also on the process being studied (Mirabolghasemi et al., 2015) . A REV is the minimum volume of a heterogenous medium (e.g. natural porous rock) that exhibits a uniform property value when examined at different locations. For example, an REV of porosity would need to include multiple individual pore volumes, and would be a function of the matrix material and cementation type.
A second limitation with CT scanning are some of the more pervasive scanning artifacts, such as beam hardening (Cnudde and Boone, 2013) . Beam hardening is caused by the preferential absorption of lower-energy photons, and affects sample edges, and is especially difficult to correct for in heterogeneous materials with variable densities. Avoiding analysis of sample edges is one way to effectively eliminate concerns over beam hardening, but it also further limits available sample size, which can be a concern where samples are already very small in scale.
A third limitation is the relationship between sample size and resolution. While larger samples may be more representative, and give more flexibility to avoid scanning and edge artifacts, they also effectively limit the scan resolution. Smaller samples offer the possibility of higher resolutions, but may not constitute a minimum REV, particularly for heterogeneous geomaterials. Pore scale investigation is also limited to coarser-grained geomaterials such as sandstones, with the imaging of smaller shale porosity being below the resolution of a micro CT scanner.
COMPUTED TOMOGRAPHY SCANNING APPLICATIONS
IMPROVING CO2 INFILTRATION EFFICIENCY WITH SURFACTANTS
During injection of CO2 into subsurface formations the ability to fill the available pore space is governed by the in-situ fluid properties, injection rates, and the structure of the reservoir(s). Novel techniques to enhance CO2 emplacement efficiency can be simultaneously investigated with CT scanning and flow analysis. Utilizing techniques of modifying fluid properties with additives and surfactants (Enick et al., 2012) developed for enhanced oil recovery, a study was performed using NETL's medical CT scanner and flow equipment. Changes in CO2 flow properties were observed when a CO2-soluble surfactant was added to the in-place brine. Surfactant alternating gas injections have been used for decades to improve production from oil bearing formations that have been depleted via primary production techniques. Surfactants change the interfacial tension of the fluids within the formations and as injected gas (CO2) moves through the complex pore structure within the rock a foam of CO2 forms within the brine. The bulk viscosity of the foamed brine/CO2 is increased, and as the ratio of viscosity of the CO2 foam and brine approaches unity, a stable, plug-like front of CO2 will displace brine initially in the pore space. For a detailed description of how this change in fluid properties impacts multiphase flow in porous media, see Lenormand et al. (1988) .
Experimental Conditions
A series of flow tests were performed using Berea sandstone cores measuring 3.81 cm (1.5 in) in diameter and 15.2 cm (6 in) in length, with permeabilities between 4 and 8 mD. Each sample was placed in a Hassler style core holder inside NETL's medical CT scanner and flow apparatus. Each core was saturated with either 5 wt% potassium iodide (KI) brine or a 5 wt% KI brine with a small amount of a commercial, nonionic surfactant added. Pore pressures ranging from 14.1 to 15.2 MPa (2,050 to 2,200 psi) were applied, with an overburden pressure of 17 MPa (2,500 psi) restricting the core. All tests were performed at room temperature. CO2 was injected at a constant rate of 2.0 ml/min and 0.2 ml/min to mimic flow regimes close to and far from the injection well. Sequential CT scans were obtained of these flows to examine the CO2 migration behavior with and without the surfactant. Various surfactants were evaluated, but only two of these tests are described here to illustrate the capabilities of this method; additional experimental details can be found in McLendon et al. (2014) .
Findings
CO2 flooding tests performed without any surfactant in the brine revealed that CO2 migration was highly impacted by localized sedimentary features within the sandstone. The CO2 traveled through more permeable bedding planes, with breakthrough occurring after less than 0.25 pore volumes were injected ( Figure 3A) . Conversely, when a small amount of surfactant was dissolved in the brine, CO2 breakthrough did not occur until approximately half of the available pore volume was filled ( Figure 3B ). CT number, as plotted in Figure 3 , is the reconstructed greyscale value of the CT images generated by scanning. Higher CT numbers indicate more attenuation of X-rays. The lower values of CT numbers shown along the length of the cores in Figure 3 are a direct representation of the lower density CO2 infiltrating the cores. The dramatic change in the ability of CO2 to infiltrate the core, and the utility of the coupled CT scans and flow through tests, is further illustrated in Figure 4 . With a large difference in the viscosity between the CO2 and brine, the injected CO2 preferentially occupied the more permeable bedding planes ( Figure 4A ). The addition of surfactant resulted in a more uniform and efficient distribution of CO2 ( Figure 4B ) due to the formation of foam at the CO2/brine interface. While bedding is still apparent, a greater percentage of available pore space is occupied by foamed CO2 due to the increased viscosity. Greater pore space utilization is possible through the modification of fluid properties, as demonstrated by enhanced oil recovery studies (Enick et al., 2012; McLendon et al., 2014) . The applicability of these methods at reservoir scales depends on development of cost-effective strategies and the degree of pore-space maximization required. CT scanning, coupled with core flow experiments at relevant sub-surface conditions, can assist in developing and validating these technologies.
RELATIVE PERMEABILITY AND SATURATION EFFICIENCY OF CO2
The efficiency of CO2 infiltration into initially brine saturated rocks will determine the feasibility of carbon storage in deep saline aquifers . Theoretical models of drainage and imbibition in heterogeneous pore networks with various levels of connectivity have been studied for decades and have shown minimal changes in bulk fluid displacement relationships (Stevenson et al., 2006) . Within these models, naturally occurring heterogeneous porous rocks often exhibit preferential flow paths and impermeable zones that can restrict the bulk transport of fluids. This series of core scale tests was performed to evaluate the potential storage within a specific saline formation of interest for a pilot scale CO2 injection site (Wei et al., 2014) .
Experimental Conditions
A Hassler style core holder was used with NETL's medical CT scanner to perform these tests. A 15.2 cm (6 in) long and 5.1 cm (2 in) diameter Liujiagou sandstone core with a porosity of ≈7% and gas measured permeability ≈1 mD was initially saturated with a 5 wt% KI brine. Pore pressure was set to 15.2 MPa (2,200 psi) and CO2 was injected at 0.02 ml/min with high precision pumps at room temperature. CT scans with a voxel resolution of 0.25 mm x 0.25 mm x 5 mm were acquired at regular intervals from the start of the CO2 percolation into the core until steady-state conditions were reached. The coarse resolution of the scans enabled rapid visualization of the multiphase flow, with a total of 8 scans performed over a 109-min interval to capture the migration of the CO2 through the core. Additional details on these tests and ancillary numerical models can be found in Wei et al. (2014) .
Findings
As is shown qualitatively in Figure 5 , the CO2 migration through the core followed preferential flow paths that resulted in a low utilization of the pore space. The bedding planes in this sample were oriented at an angle along the length of the core, and the more permeable bedding planes along the length of this sample controlled the distribution of the CO2. While the sandstone sample had a pore volume of 21.6 ml, only 0.7% (or 0.16 ml) of this volume was filled by CO2 during the initial flooding of the core. The heterogeneous nature of this specific core sample, with a high permeability bedding plane that traversed the entire length of the core, resulted in this very small amount of initial CO2 displacement. This low usage of the available pore space can have dramatic effects on the potential storage volume available at a specific injection site. As was described in Wei et al. (2014) , at the final saturation conditions of this flooding experiment, the CO2 only filled 1.5% of the available pore space. For this specific core a preferential pathway existed between the injection side and effluent side of the sample which resulted in this very low pore space being occupied by the CO2. This qualitative determination was derived from the variation in the grayscale values of the medical CT scans shown in Figure 6 . The initially brine saturated core had a higher grayscale value around 1,335, but as the CO2 filled the pore volumes the attenuation of the material in the scan planes decreased and the CT derived values decreased. By coupling this information with known injection volumes over time the saturation as a function of position in the core and time can be determined (Wei et al., 2014) . This visualization of CO2 migration within a relevant reservoir rock at subsurface conditions shows that, even though medical CT scanning has a fairly low resolution compared to other scanning techniques, the ability to rapidly scan enables the dynamic nature of flow to be captured. See Wei et al. (2014) for how this data can be coupled with multi-scale imaging and numerical simulations to more fully describe how small scale heterogeneities can influence the motion of CO2 through deep brine reservoirs.
CO2 RESERVOIR MICROSTRUCTURE
CT scanning fulfills a need for experimental verification of modeling at the pore-scale by confirming existing models and collecting fundamental data to constrain future modeling efforts. Extraction of fluid phases and pore geometry in 3D allows differentiation between discrete temporal snapshots which illustrates changes in fluid occupation. Increasing scan resolution also enables characterization of the micro-structural elements of the pore network. In particular, the importance of the role of capillary trapping and the "snap off" phenomenon to the retention of isolated brine pockets in a CO2 flood as explained in Krevor (2014) can be highlighted.
Experimental Conditions
All micro-CT scans utilized an Xradia 400 micro-CT scanner. In these experiments, a portion of the upper Mt. Simon sandstone from the Hazen #5 well (Champaign County, Illinois, API# 120192181400) were analyzed. The sample was recovered from a depth of 4,111 ft. The Mt. Simon sandstone here is characterized as a very fine to fine subangular to subrounded quartz sandstone with intermittent discontinuous coarser stringers several mm long and subparallel to bedding. Samples were cored to approximately 6 mm (0.25 in) diameter and 1 cm (0.5 in) length sub-cores, placed inside a beryllium Hassler style core holder, pressurized to 10.3 MPa (1,500 psi), and alternatingly flooded with liquid CO2 and a 5%wt potassium-iodide brine. Before initial flooding, between floods, and after the final flood the system was allowed to equilibrate and was scanned. Post-processing of image data was accomplished with ImageJ (Rasband, 2015) .
Findings
Sample porosity was measured between 6-13% at different locations of the core that were scanned. The sample described below has a porosity of 7.4%. Differences in porosity can be attributed to large changes in heterogeneity at the millimeter scale. Samples were predominantly find grained and silica cemented accompanied by fewer disconnected coarser intervals several cm long and up to 1 mm in thickness. These lenses represent a large change in the available pore space.
The initial brine injection filled approximately 86% of the total pore space while the subsequent injection of CO2 displaced 77% of the total pore space. Following both injections, brine was observed to occupy the narrowest void spaces in the core. When CO2 was injected, it predominantly filled the largest voids, particularly those parts of well-connected pore-networks. As the Mt. Simon sandstone tends to be water wetting, this distribution was expected. One micron resolution scans revealed the existence of narrow pore networks connecting large voids. These connections were not identifiable in the 4 µm resolution scans and were observed to frequently be filled with brine. These networks allow brine to bypass many of the larger CO2-filled void spaces within the core (Figure 7 ). A theoretical capillary pressure measurement is possible using 3D images of the pore network. By obtaining the diameter and frequency of the smallest throats in the pore network and using previously established fluid parameters, capillary pressure can be calculated. Surface curvature can be generated and measured using a smoothed marching cube algorithm across the phase interfaces. See Andrew et al. (2014) for further details on this technique.
Capillary trapping (also known as residual trapping) has been recognized as a primary way for CO2 to be sequestered within an aquifer. Most long term capillary trapping is due to the "snap off" phenomenon. In snap off, CO2 injected into large pore spaces is bypassed by brine that is attracted to the water-wetting characteristics of the matrix. Snap off is enhanced by large pores and small throats and a preferentially water wetting matrix. Mt. Simon scans with a 1 micron resolution clearly show the snap-off phenomenon occurring in the largest pore spaces. An isolated 3D droplet of liquid CO2 is shown in Figure 8 . The light grey sand grains and darker grey brine surrounding the CO2 are shown as a 2D slice of the 3D CT data. The CO2 bubble is constricted by the two sand grains on the left of the bubble. Some image noise due to sampling at this high resolution cause the mottled grey values of the grains and brine, as well as the rough surface of the isolated CO2. With scans at the 1 micron voxel resolution shown in Figure 8 the wetting angle between brine and CO2 phases can be determined. The observed wetting angles vary within pore spaces due to local pore and surface roughness, as well as due to small geometric constrictions.
The observations of this Mt. Simon sample support the conclusion of a water-wetting matrix where brine preferentially prefers smaller void spaces to larger void spaces. The brine displaced approximately 86% of the initial pore space within the system and the subsequent injection of CO2 displaced 77% of the total pore space. After CO2 flooding of a brine saturated core approximately 30% of the pore space was still filled by brine.
CO2 AND SHALE SWELLING
Development of unconventional reservoirs has increased interest in the utilization of shales as both reservoir and seal for GCS (Busch et al., 2008; Davidson et al., 2014; Kang et al., 2011; Schaef et al., 2014) . The development of these lithologic units establishes the key components for a deep CO2 sequestration reservoir, with production wells providing the infrastructure and direct access to the formations. Unconventional shale reservoirs are desorbed of methane, are typically at lower than initial production pressures, and have an enhanced surface area due to induced fracturing. These factors increase CO2 sorption potential.
Many studies have characterized CO2 interaction with these types of formations and proposed models to gauge the storage efficiency and utility of such endeavors. Heller and Zoback (2014) conducted experiments looking at powdered black shale samples from various unconventional plays in the United States and found various degrees of swelling after exposure to CO2, which varied as a function of both organic and swelling clay content. Several studies have also employed the use of laboratory parameterization in large scale models to assess reservoir storage potential Godec, 2013; Schaef, 2014) . While extensive literature exists on the behavior of shales under CO2 exposure, fewer studies have been published on shale fractures under these conditions. As fractures are one of the primary mechanisms that contribute to reservoir fluid movement, it is critical to understand how they perform under reservoir conditions.
Experimental Conditions
In this study a middle Bakken Shale core, which is the primary "pay" zone in the play, was artificially fractured along bedding partings in the long dimension. Epoxy was applied to the outer diameter of the core to prevent desiccation. The core ends were subsequently cut to allow fluid migration through the artificially created fracture. The core diameter was 2.5 cm (1 in.) with a length of 6.4 cm (2.5 in.). A planar fracture was created using a modified Brazilian technique (Fowell and Xu, 1994 ) that bisected the core into two half cylinders.
A Hassler style core holder, was used to apply an overburden stress of 13.79 MPa (2,000 psi). The pore pressure was set at 10.34 MPa (1,500 psi) with CO2 to reach the test conditions and left at this pressure for a period of 5 days. During this time the core was subjected to a constant confining pressure, except when active flow measurements were conducted. Transmissivity measurements were made as often as possible and CT scans taken intermittently to quantify changes in fracture aperture as the experiment progressed. 
Findings
The mechanical apertures were quantified from image data. The complex 3D structure of the fracture was compressed into a 2D aperture map by identifying the vertical differences between the shale walls throughout the domain (Figure 9 ). While small aperture changes were observed, they were beneath the scan resolution of 17.3 micron. Higher resolution scans may be necessary to quantify these changes.
However, permeability decline over the course of the test did illustrate a bulk effective change in fracture geometry (Figure 10 ). This decline, especially at low flow rates, is an indication that small scale aperture alterations influenced fluid flow dynamics. At higher flow rates these data may not conform to the assumptions of the cubic law and negligible viscous flow effects (Bertels et al., 2001 ).
The shale fracture had a reduced transmissivity over the course of the study which is indicative of fracture aperture reduction. However, CT scans did not directly show a reduction in the mechanical aperture of the fracture. The hydraulic aperture decrease required to account for the observed reduction in permeability is only 2.17 micron, well below the scan resolution. Since no major geometrical changes were observed within the fracture, it is suggested that the most likely cause of the permeability decrease is a function of small scale changes along the entire fracture length. Future studies to evaluate the swelling phenomenon will need to consider longer time frames, to allow diffusion of CO2 into the bulk matrix. Additional studies will also perform more frequent measurements of flow dynamics as their alteration may happen rapidly and early in the exposure process.
CONCLUSIONS
CT scanning is a useful tool for multiscale analysis of fundamental physical processes given the uncertainties related to CO2 storage. The non-invasive and non-destructive nature of CT imaging makes it a particularly effective tool for quantifying and visually describing otherwise indirectly observed phenomena. As demonstrated in this paper, bulk fluid migration and pore scale properties can be examined at relevant subsurface conditions. The relatively short scanning times allow observation of the relationship between short term mechanical and chemical changes through the course of a single experiment.
Numerical quantification of CT scanned 3D images can describe an imaged core and allow theoretical models to be coupled to empirical data. Quantification provides realistic model constraints. These data can then be up-scaled to provide insight into macro-scale modeling and observations.
These case studies provide an overview of a few of the capabilities of CT analyses when coupled with image analyses, modelling and other techniques to investigate the effectiveness and areas that need to be further investigated regarding CO2 storage.
